Ossetians are a unique group in the Caucasus, in that they are the only ethnic group found on both the north and south slopes of the Caucasus, and moreover they speak an Indo-European language in contrast to their Caucasian-speaking neighbours. We analyzed mtDNA HV1 sequences, Y chromosome binary genetic markers, and Y chromosome short tandem repeat (Y-STR) variability in three North Ossetian groups and compared these data to published data for two additional North Ossetian groups and for South Ossetians. The mtDNA data suggest a common origin for North and South Ossetians, whereas the Y-haplogroup data indicate that North Ossetians are more similar to other North Caucasian groups, and South Ossetians are more similar to other South Caucasian groups, than to each other. Also, with respect to mtDNA, Ossetians are significantly more similar to Iranian groups than to Caucasian groups. We suggest that a common origin of Ossetians from Iran, followed by subsequent male-mediated migrations from their Caucasian neighbours, is the most likely explanation for these results. Thus, genetic studies of such complex and multiple migrations as the Ossetians can provide additional insights into the circumstances surrounding such migrations.
Introduction
Ossetians are unique among the ethnic groups of the Caucasus region in that they are the only group to reside on both the north and south slopes of the central part of the Caucasus Mountains range. They are also of interest in that they speak an Iranian language, belonging to the Indo-European language family, whereas their geographic neighbours all speak Caucasian languages.
There are two main hypotheses concerning the origin of Ossetians. According to the first hypothesis, from the 7 th century BC to the 1 st century AD Ossetia came under Scythian-Sarmatian influence, which was succeeded Caucasian groups. Rychkov et al. (1996) also studied classical genetic markers in a number of North Ossetian groups. Genetic differentiation between Ossetian groups was the highest among all comparisons of groups from the Caucasus. Surprisingly, North Ossetians showed greater similarity with Russians than with neighbouring populations from the Caucasus. This observation was interpreted as genetic evidence of an ancient northern Alanian origin for Ossetians.
Eleven polymorphic restriction sites in the first hypervariable segment (HVI) of the mtDNA control region were studied in 40 North Ossetians and in additional groups from Siberia (Rychkov et al. 1995) . A comparison of these groups with each other and with data from Western and Eastern Europe, as well as Central and Eastern Asia, revealed close similarity of all the Eurasian groups with respect to the frequency of each polymorphic restriction site.
Eleven bi-allelic loci and 9 short tandem repeat (STR) loci on the Y-chromosome, as well as mtDNA HV1 sequence variability, were previously studied in two populations from North Ossetia . One South Ossetian population, from Georgia, has also been studied for a number of Y chromosome SNPs (Wells et al. 2001 ) and for mtDNA HV1 sequence variability (Kivisild et al. 1999) . However, the focus of these studies was on a much larger regional scale and did not address specific questions concerning the origin of Ossetians.
To investigate the origins and relationships of North and South Ossetian groups, here we present data on mtDNA and Y chromosome variation in 70 individuals from three additional North Ossetian groups. These new data were combined with the previously-published data from two other North and one South Ossetian group (Kivisild et al. 1999; Wells et al. 2001; Nasidze et al. 2003; Nasidze et al. 2004) , to address the following questions: (1) are North Ossetians genetically more closely related to South Ossetians or to other North Caucasus groups; (2) are South Ossetians genetically more closely related to North Ossetians or to other South Caucasus groups; and (3) which of the two prevailing theories concerning Ossetian origins (an Iranian origin, or a Caucasian origin followed by language replacement) receives support from the genetic data.
Materials and Methods

Samples and DNA Extraction
A total of 70 blood samples from unrelated males, representing three North Ossetian populations (Alagir, N = 24; Zamankul, N = 23; and Zil'ga, N = 23), were collected in the Republic of North Ossetia (Alania), Russian Federation (Figure 1 ). Informed consent and information about birthplace, parents and grandparents were obtained from all donors. Genomic DNA was extracted from the blood samples using a standard phenol-chloroform method (Maniatis et al. 1982) .
MtDNA HV1 Sequencing
Primers L15996 and H16410 (Vigilant et al. 1989) were used to amplify the first hypervariable segment (HV1) of the mtDNA control region, as described previously (Redd et al. 1995) . The nested primers L16001 (Cordaux et al. 2003) and H16401 (Vigilant et al. 1989 ) were used to determine sequences for both strands of the PCR products with the DNA Sequencing Kit (PerkinElmer), following the protocol recommended by the supplier, and an ABI 3700 automated DNA sequencer. Samples with a C at position 16189, which produces a "C-stretch" between positions 16184-16193 that is difficult to sequence through, were sequenced again in each direction so that each base was determined twice.
Published mtDNA HV1 sequences were also used from two North Ossetian populations (26 Ardon and 30 Digora; Nasidze et al. 2004) , 201 South Ossetians (Kivisild et al. 1999) , 50 Adyghe , 106 Basques (Bertranpetit et al. 1995; Corte-Real et al. 1996) , 101 British (Piercy et al. 1993) , 69 Sardinians and 42 Middle Easterners (DiRienzo & Wilson 1991 ), 72 Spaniards (Corte-Real et al. 1996 Richards et al. 1996) , 102 Russians (Orekhov et al. 1999) , 18 Slavs (Maliarchuk et al. 1995) , 45 Israeli Drusi (Macaulay et al. 1999) , 29 Kurds Figure 1 A map of the geographic location of Ossetian populations used in this study. 1 -Alagir, 2-Digora, 3 -Ardon, 4 -Zamankul, 5 -Zil'ga, 6-South Ossetians. (Comas et al. 2000) , 55 Kazakhs and 94 Kyrgiz (Comas et al. 1998) .
Y Chromosome bi-Allelic Markers
Ten Y chromosomal SNP markers were genotyped: RPS4Y (M130), M9, M89, M124, M45, M173, M17, M201, M170, and M172 and references therein); the YAP Alu insertion polymorphism (Hammer & Horai, 1995) was also typed. M9 and RPS4Y were typed by PCR-RFLP assays as described elsewhere (Kayser et al. 2000) ; M89 was typed as described in Ke et al. (2001) ; and the remaining Y-SNP markers were typed using PIRA-PCR assays (Yoshimoto et al. 1993) as described in Cordaux et al. (2004) and Nasidze et al. (2004) . The YAP Alu insertion was typed as described in Hammer & Horai (1995) . The samples were genotyped according to the hierarchical order of the markers . The Y-SNP haplogroup nomenclature used here is according to the recommendations of the Y Chromosome Consortium (2002) .
Published Y-SNP data (Semino et al. 2000 , Wells et al. 2001 for European, West Asian, and Central Asian populations were also included in some analyses.
Y Chromosome STR Loci
Samples belonging to the SNP haplogroup G * (M201)
were genotyped for nine Y chromosome short tandem repeat (Y-STR) markers: DYS19 (DYS394), DYS385a, DYS385b, DYS389I, DYS389II, DYS390, DYS391, DYS392, and DYS393. These loci were amplified in pentaplex and quadruplex PCRs, or alternatively in a single nanoplex PCR, and detected on an ABI PRISM 377 DNA sequencer (Applied Biosystems), as described elsewhere (Kayser et al. 1997 (Kayser et al. , 2001 . In order to distinguish between the DYS385a and DYS385b loci, an additional PCR was carried out as described in Kittler et al. (2003) and detected on an ABI PRISM 377 DNA sequencer (Applied Biosystems).
Statistical Analysis
Basic parameters of molecular diversity and population genetic structure, including analyses of molecular variance (AMOVA), were calculated using the software package Arlequin 2.000 (Schneider et al. 2000) . The statistical significance of F st values was estimated by permutation analysis, using 10,000 permutations. The statistical significance of the correlation between genetic distance matrices based on mtDNA and Y chromosome SNP data was evaluated by the Mantel test with 10,000 permutations. The STATISTICA package (StatSoft Inc.) was used for multi dimensional scaling (MDS) analysis (Kruskal, 1964) . Network analysis for Y-STR and mtDNA HVI sequence data was carried out using the software package NETWORK version 3.1 (Bandelt et al. 1999) . In order to define geographic regions of large genetic changes (or genetic barriers), spatial analysis of molecular variance (SAMOVA) was used (Dupanloup et al. 2002) . SAMOVA determines groups of populations that are geographically and genetically homogeneous and maximally differentiated from each other, based solely on genetic data. The method is based on a simulated annealing procedure that aims at maximizing the proportion of the total genetic variance due to differences between groups of populations; the final number of groups is based on the largest value for this variance component. As a by-product, SAMOVA also leads to the identification of genetic barriers between these groups.
Results
MtDNA HVI Sequence Variability.
A total of 377 bp of the mtDNA HV1 region, comprising nucleotide positions 16024 to 16400 (Anderson et al. 1981) , were determined for 70 individuals from the North Ossetian groups of Zil'ga, Zamankul and Alagir. For the purposes of comparing the sequences reported here with published data for other Ossetian populations (Kivisild et al. 1999; Nasidze et al. 2004 ) and for groups from the Caucasus, Europe, and West and Central Asia (see the list of populations and corresponding references in the Materials and Methods section), further analyses were restricted to 365 bp (nucleotide positions 16024-16388) of HV1. As a check on the accuracy of the HV1 sequences, we used the network method to search for so-called "phantom" mutations (Bandelt et al. 2002) . No such mutations were found in the Ossetian HV1 sequences (analysis not shown). The sequences will be deposited in the HVRbase database (www.HVRbase.de) at the time of publication and are also available upon request from the corresponding author (I.N.).
Parameters summarizing some characteristics of the mtDNA HV1 sequence variability in Ossetian populations are presented in Table 1 . The haplotype diversity varied from 0.931 (Alagir) to 0.977 (Digora), which is Ossetians and their closest geographic neighbours can be explained by recent gene exchange among these groups.
An MDS plot (Figure 2A ) based on pairwise F st values illustrates the above relationships. In particular, the Ossetian populations cluster together, near groups from the Caucasus and West Asia, and are the closest of any of the Caucasian groups to Central Asia.
Y-SNP Haplogroups
Overall, ten Y-SNP haplogroups were found in Ossetians (Table 3) , with the number of haplogroups in each individual Ossetian group ranging from four to seven. Wells et al., (2001) use Y-SNP data from South Ossetians for the MDS and F st analyses. Haplogroup I * (M170) was found in substantial frequencies in groups from Digora and Ardon, whereas this haplogroup is absent from the rest of the groups. Haplogroup J2 * (M172) was found in all groups, with frequencies ranging from 0.03 in the Digora group to 0.29 in the Ardon group. Haplogroup K * (M9) was found in all groups except for South Ossetians and the Digora group. The remaining haplogroups were found at low frequencies in one or two groups. Haplogroup diversity varied substantially, from 0.44 in the populations from Digora and Alagir to 0.79 in Ardon. These values are lower than the diversity values for most other Caucasus groups typed for these markers, except for Svans from Georgia (Wells et al. 2001) .
Pairwise F st values indicate substantial differences between South and North Ossetians ( Table 2 ). The average F st value between these groups was 0.330, significantly higher than between the other North and South Caucasus groups (average F st= 0.190; t = 4.687, p = 0.009); by contrast, the average F st value between South Ossetians and other North Caucasian populations (excluding North Ossetians) was only 0.101, and the average F st between South Ossetians and the other South Caucasus groups was 0.126. North Ossetian populations were almost as distant from South Caucasian groups as from South Ossetians (average F st value, excluding South Ossetians, was equal to 0.298), while the average F st value between North Ossetians and other North Caucasian populations was significantly lower (average F st = 0.231; t = 3.48, p = 0.001). Despite the fact that North Ossetians showed greater similarity with other North Caucasus populations compared with South Ossetians, the difference in F st values is not significant (t = − 0.734, p = 0.503).
Pairwise F st comparisons between Ossetians and Armenians (the other Indo-European speaking group from the Caucasus) showed that Ossetians are closer to this group (average F st = 0.144) than to the Caucasianspeaking groups (average F st = 0.213). However, the difference in average F st values is not statisticallysignificant (t = 0.559, p = 0.583). Also, Ossetians are about as distant from their direct linguistic relatives, Iranian-speaking groups from Isfahan and Tehran (average F st = 0.204), as from non-Indo-European speaking West Asian groups (average F st = 0.215; t = 0.103, p = 0.920).
The MDS analysis ( Figure 2B ) further illustrates the patterns observed in the pairwise F st comparisons. South Ossetians are distinct from a loose cluster of the North Ossetian groups. The South Ossetians cluster with South and North Caucasian groups and with West Asian groups. Ossetians from Ardon are somewhat separated from the other North Ossetian groups, being closer to the cluster of Caucasian and West Asian groups. The overall high level of Y-chromosome diversity exhibited by Ossetian populations is reflected in the large area they occupy on the MDS plot. We also repeated the MDS analysis without South Ossetians, in order to use information for the haplogroup G * (M201). The result of this analysis (not shown) did not reveal any differences from the analysis without haplogroup G * (M201).
Y Chromosome STRs
Since haplogroup G * (M201) has an unusually high frequency in North Ossetians (average frequency = 0.57) compared with other groups from the Caucasus (average frequency = 0.21), we typed 9 Y-STR loci in individuals with this Y-SNP haplogroup to determine if this elevated frequency indicates a bottleneck effect. We compared the results with the same set of loci on the same Y-SNP background typed in other groups from 
Comparison of mtDNA and Y-Chromosome Data
The geographic and linguistic structure of Ossetians, other Caucasus groups, and European, West and Central Asian groups, as assessed by mtDNA and Y chromosome variation, was investigated by the AMOVA procedure (Table 4) . As is typically seen in human populations, the within-populations proportion of the variance was much higher for mtDNA (about 96%) than for the Y chromosome (about 76-77%). For both the mtDNA and the Y-SNP data, the geographic classification of populations gave a slightly better fit to the genetic data (in terms of higher among-group variance and lower among-populations-within-groups variance) than did linguistic classifications (Table 4) . Further classifying the Caucasian groups into South and North groups did not significantly improve the fit of either classification to the data (Table 4) We also carried out a spatial analysis of molecular variance (SAMOVA) to look for regions of large genetic change between Ossetian groups, as well as among Ossetians and other neighbouring populations from the Caucasus, West Asia and East Europe that might define genetic barriers. This analysis follows the same principle as used in the AMOVA analysis to define groups of samples that are best supported by genetic data. As observed previously, a stronger genetic structure is observed for Y chromosome data than for mtDNA (Table 5) . As expected, both genetic structures are in strong agreement with the MDS plots shown in Figure 2 . SAMOVA applied to mtDNA data for Ossetians alone suggests the genetic isolation of North Ossetian groups from Alagir and Zamankul. The Y-chromosome data underline the genetic isolation of the North Ossetian samples from Ardon and Zamankul.
Discussion
North and South Ossetians are the only ethnic group found on both slopes of the Caucasus Mountains. They speak a language which belongs to the Iranian branch of the Indo-European language family; hence, Ossetians are a linguistic isolate, surrounded by Caucasianspeaking populations. By surveying mtDNA and Ychromosome variation in Ossetians, we sought answers to several questions concerning the origins and genetic relationships of Ossetians. First, are North and South Ossetians more genetically similar to each other, or to their geographic neighbours (i.e., Caucasian-speaking Fig. 2A) , which may indicate a common origin. However, for the Y-chromosome, North Ossetians are more similar to other North Caucasian populations, and South Ossetians to other South Caucasian populations, than to each other. The SAMOVA analysis also identifies a boundary between South Ossetians and other groups for the Y chromosome, but not for mtDNA. Thus, there is no indication in the Y-chromosome of a particularly close genetic relationship between N. Ossetians and S. Ossetians. If they did have a common origin in the past, it has apparently become obscured by subsequent gene flow with their geographic neighbours on the same sides of the Caucasus Mountains.
Putting together the archaeological and genetic data, and assuming a common origin of South and North Ossetians (which is supported by the mtDNA data), a plausible scenario is that "alteration" of the initial Ossetian Y-chromosome gene pool took place in North Ossetians via other North Caucasus groups. This assumption is enforced by the fact that the genetic distances between North Ossetians and South Caucasus groups are similar to those between North Ossetians and South Ossetians, but the genetic distances between North Ossetians and other North Caucasus groups are much smaller. Moreover, there are differences in genetic structures based on Y chromosome and mtDNA, as the correlation between F st distances among pairs of Caucasus groups based on mtDNA and Y-haplogroups was not statistically significant. The different patterns observed between South and North Ossetians for the Y chromosome may also have been reinforced by the traditional patrilocal social structure of this population, leading to a higher degree of differentiation for the Y chromosome than for mtDNA.
The Ossetians speak an Iranian language; is this because they are directly descended from the Alani (an Iranian-speaking group), or is it rather that genetically the Ossetians resemble their geographic neighbours in the Caucasus, and hence replaced their ancestral Caucasian language with an Iranian language, after contact with the Alani (or another group)? Average pairwise F st values are smaller between Ossetians and Iranians than between Ossetians and Caucasians for both mtDNA and the Y chromosome, significantly so for mtDNA, which suggests an Iranian origin of Ossetians. Subsequent and largely male-mediated migrations between Ossetians and neighbouring groups in the North and South Caucasus, respectively, would explain the greater similarity between Ossetians and Caucasians for the Ychromosome, as discussed previously.
In conclusion, the genetic results are supported by the archaeological record, in that they reflect a common Iranian origin of South and North Ossetians, as well as a genetic footprint of ancient migrations in the North Caucasus that mostly involved male individuals. Thus, genetic studies of such complex and multiple migrations as the Ossetians can provide additional insights into the circumstances surrounding such migrations.
